The low-lying unbound level structure of the halo nucleus 19 C has been investigated using single-neutron knockout from 20 C on a carbon target at 280 MeV/nucleon. The invariant mass spectrum, derived from the momenta of the forward going beam velocity 18 C fragment and neutrons, was found to be dominated by a very narrow near threshold (E rel = 0.036(1) MeV) peak. Two less strongly populated resonance-like features were also observed at E rel = 0.84(4) and 2.31(3) MeV, both of which exhibit characteristics consistent with neutron p-shell hole states. Comparisons of the energies, measured cross sections and parallel momentum distributions to the results of shell-model and eikonal reaction calculations lead to spin-parity assignments of 5/2 + 1 and 1/2 − 1 for the levels at E x = 0.62(9) and 2.89(10) MeV with S n = 0.58(9) MeV. Spectroscopic factors were also deduced and found to be in reasonable accord with shell-model calculations. The valence neutron configuration of the 20 C ground state is thus seen to include, in addition to the known 1s 
The atomic nucleus is a finite fermionic quantum system that exhibits shell structure. The manner and mechanisms by which this evolves with the neutron-proton (N/Z) asymmetry across the nuclear landscape is one of the key questions in nuclear structure physics. Such investigations may be traced back to the early work of Talmi and Unna [1] where the ordering of the lowest-lying levels in 11 Be and 15 C was discussed in terms of the residual shell-model interaction [2] . Since these pioneering studies, the p-sdshell nuclei have provided an important testing ground to explore our understanding of shell structure away from stability. Experimentally, such studies are now possible beyond the proton and neutron driplines, as evidenced by recent measurements of the most exotic oxygen isotopes [3] [4] [5] [6] [7] . Theoretically, the description of such near-drip-line nuclei is now possible using sophisticated models, ranging from the shell model to ab initio approaches, which include, explicitly or implicitly effects, such as three-nucleon forces, the continuum (and coupling to it for weakly bound levels), and tensor forces (see, for example, Refs. [8] [9] [10] [11] [12] ).
Of particular note in the context of the work presented here are shell-model calculations employing effective interactions derived from ab initio coupled-cluster (CCEI) theory which are now capable of predicting the binding ener-gies and low-lying levels for the most neutron-rich carbon and oxygen isotopes [10] . In contrast, Otsuka et al. have constructed a monopole-based universal interaction (V MU ) consisting of the central and π + ρ tensor terms [11] which has provided intriguing insight into changes in shell structure, including the neutron-rich p-sd-shell nuclei [12] . This Letter reports the observation of 5/2 + and 1/2 − states in 19 C populated via single-neutron knockout from 20 C at 280 MeV/nucleon. The results are discussed in the context of a range of shell-model calculations, including those just mentioned, and conclusions are drawn regarding the underlying shell structure. Importantly, the observation of the 1/2 − neutron p-shell hole state provides a direct test of the cross-shell components of the shell-model interactions.
The nucleus 19 C is the heaviest bound odd-A carbon isotope and the lightest member of the N = 13 isotonic chain. Structurally it is one of the few well established single-neutron halo nuclei [13] [14] [15] with a very weakly bound s-wave valence neutron (S n = 0.58(9) MeV [16] [20] , which were tentatively assigned 3/2 + and 5/2 + , respectively. A measurement employing fragmentation of a mixed secondary beam confirmed the existence of the transition from the 3/2 + state to the ground state [19] . A subsequent invariant mass study, also using the (p, p ′ ) reaction in inverse kinematics, observed an unbound level at 1.46(10) MeV, the angular distribution of which was consistent with a 5/2 + state [21] . More recently, investigations of inclusive twoneutron removal from 20 C suggested, through comparison with eikonal reaction model calculations and shell-model spectroscopic factors, that the 5/2 + 1 state should be unbound [22, 23] , in contradiction with the conclusions of Ref. [20] . Subsequently a candidate for the 5/2 + 1 state was observed just above threshold (E x = 0.693(95) MeV) in the 18 C + neutron invariant mass spectrum following multi-nucleon removal from 22 N [24] 2 . Recently two further in-beam γ-ray measurements were reported [25, 26] . Both confirmed the existence of a level, assigned 3/2 + , at 0.20 MeV, whilst the former also provided a measure of the lifetime and B(M 1) strength. In summary, the lowest two states -the ground 1/2 decay threshold. As will be discussed, the present work confirms this conjecture (and provides a clear d-wave assignment) and observes two more higher-lying resonances, one of which is identified as the lowest-lying negative parity state in 19 C. In terms of the 20 C projectile, the momentum distribution and the associated cross section for the C( 20 C, 19 C) reaction, in the aforementioned inclusive neutron removal study [23] , reveal the presence of a significant 1s + level in 19 C is, as noted above, unbound. It is worthwhile noting that the structure of 20 C is of interest, not only in terms of shell evolution around the N = 14 sub-shell closure [19] , but as the core of the heaviest two-neutron halo system 22 C [27, 28] .
The experiment was performed at the Radioactive Isotope Beam Factory (RIBF) [29] of the RIKEN Nishina Center as a part of a series of measurements investigating the structure of light neutron-rich nuclei beyond the dripline (see, for example, Ref. [7] ). A 345-MeV/nucleon 48 Ca primary beam (∼ 100 pnA) impinging on a 20-mmthick Be production target was employed, in conjunction with the BigRIPS separator [30] , to produce a mixed secondary beam, including 20 C at an average rate of 190 pps. The various isotopes present in the secondary beam were identified event-by-event using measurements of the energy loss, time-of-flight, and magnetic rigidity. The secondary beam was transported to the object point of the SAMU-RAI spectrometer [31] where a carbon reaction target with a thickness of 1.8 g/cm 2 was located. The beam particles were tracked onto the target using two drift chambers. The 20 C mid-target energy was 280 MeV/nucleon. Data were also acquired with the carbon target removed in order to account for reactions in the various beam detectors.
The forward-focused beam velocity reaction products, including 18 C and a neutron, were detected using the SAMU-RAI spectrometer and large area NEBULA neutron array [32] . The charged fragments were momentum analyzed by the 3 T superconducting dipole magnet, and the magnetic rigidity deduced using the trajectories derived from drift chambers placed at the entrance and exit of the magnet as described in Ref. [31] . A 16-element plastic hodoscope provided for energy loss and time-of-flight measurements, which combined with the rigidity permitted the charged fragments to be identified.
The NEBULA array was located some 11 m downstream of the secondary target. The array comprised 120 individual detector modules (each 12 cm × 12 cm × 180 cm) and 24 charged particle veto detectors (thickness 1 cm), arranged in a two-wall configuration, with an interwall separation of 85 cm. The neutron momenta were derived from the time-of-flight (measured with respect to a plastic detector placed forward of the secondary target) and hit position.
The γ rays emitted from excited states of the charged fragments were detected using 140 NaI(Tl) scintillators of the DALI2 array [33] which were arranged in a 4π-like configuration around the secondary reaction target. As such, the array had a detection efficiency of 16% at 1 MeV and an energy resolution (FWHM) of 150 keV. The relative energy (E rel ) of 19 C * was reconstructed from the four-momenta of the 18 C fragment and decay neutron. Specifically, the E rel was calculated as, (1) where E f (E n ), p f (p n ), and M f (M n ) are the total energy, momentum, and mass of 18 C (neutron), respectively. In the eikonal-model description of nucleon knockout, neutrons are removed from the 20 C projectile via absorption and diffraction [34] . At the present beam energies the former process dominates. The small fraction (∼ 10%) of diffractive breakup events are associated with two beamvelocity neutrons in the outgoing channel in coincidence with 18 C. As such, a very broad low-level background [35] , in addition to the 19 C * continuum, is expected (as verified by simulations) in the E rel spectrum.
The longitudinal momentum (p ) of 19 C * was deduced from the sum of p f and p n after correcting for the spread in 20 C beam momenta. The p and E rel distributions shown in the following were obtained after subtracting the contributions arising from material other than the secondary reaction target. The 18 C + n E rel spectrum ( Fig. 1 ) exhibits a very prominent narrow threshold peak together with two more weakly populated higher-lying structures. In order to display the results in terms of the differential cross section, dσ/dE rel , the geometrical acceptances and detection efficiencies have been taken into account. The former were evaluated, as a function of E rel , using a complete simulation of the setup, which included the characteristics of the 20 C secondary beam and the momentum imparted to 19 C * by the knocked-out neutron. In order to describe qualitatively the E rel spectrum, three single-level R-matrix lineshapes [36] , convoluted with the experimental resolution function, and a very broad distribution (representing the continuum and diffracted neutron background -see above) were employed, following similar procedures to those detailed in Ref. [21] . The resolution function, generated by simulations incorporating the effects of all the relevant detectors 3 , varied as (FWHM) ∆E rel ≈ 0.40 √ E rel MeV. The underlying continuum background distribution was modeled, in line with earlier work (see, for example, Ref. [37] ), with a Maxwellian-like distribution with a functional form of a 4 √ xe −bx , where x = E rel , and a and b were the fitting parameters. It may be noted that the form of the continuum is rather strongly constrained by the minima at 0.5 and 1.4 MeV, the spectrum at high E rel , and that the intensity at 0 MeV must be zero. 3 The NEBULA hit position and timing resolutions being the dominate contributions. Resonance energies of 0.036(1), 0.84(4), and 2.31(3) MeV were deduced, where single-level R-matrix lineshapes [21] with ℓ n = 1 and 2 dependencies, according to the spinparity assignments made below, were employed. In the case of the lowest two peaks the widths were dominated by the experimental resolution and only upper limits could be determined (Table 1) . As no obvious coincident γ rays were observed for the 18 C + n events 4 forming the near threshold and highest-lying peaks (the inset of Fig. 1(a) illustrates this for the threshold state) corresponding excitation energies in 19 C of 0.62(9) and 2.89(10) MeV, where the uncertainty in S n ( 19 C) has been included, were deduced.
In the case of the most weakly populated peak at E rel = 0.84 MeV, the coincident γ-ray spectrum (inset of Fig. 1(b) ) shows evidence for the feeding of the 18 C(2 + 1 ) state. Taking into account the detection efficencies and assuming that all of the observed 1.6-MeV γ rays are associated with the E rel = 0.84-MeV peak and not the underlying continuum, a branching ratio of order 100% is deduced. This suggests An uncertainty, not tabulated, associated with the reaction modeling of ±15% is estimated for σsp and hence C 2 S exp (see text).
b)
S eff n derived from the experimental Ex were employed in the reaction calculations.
c)
See text. that a higher-lying level is being populated. We return to the origin of this peak below. Theoretically single-neutron removal cross section σ −1n leading to a given final state can be expressed in a factorized form as [40] ,
where σ sp is the single-particle cross section, nℓj denote the quantum numbers of the knocked-out neutron, [A/(A− 1)] N is the center-of-mass correction factor with A the mass number of the projectile and N the principal oscillator quantum number (N = 2n + ℓ) [41] , and S eff n the effective one-neutron separation energy given by the sum of S n of the projectile (S n ( 20 C) = 2.93(26) MeV [16] ) and E x of the state in question.
Shell-model spectroscopic factors (C 2 S) were computed using the NuShellX@MSU [42] code and the WBP interaction [38] 5 in the 0p-1s0d model space ( Table 1 ). The σ sp and associated momentum distributions were computed using the MOMDIS code [43] . The valence neutron wave function was calculated using a Woods-Saxon potential and the well-depth prescription of Ref. [44] . The range parameter of the nucleon-nucleon profile function [45] at the present energy (280 MeV/nucleon) was set to zero [40] .
The nucleon density distribution of the 19 C core was estimated from a Hartree-Fock calculation using the SkX interaction [46] . The density distribution of the carbon target was chosen to be of a Gaussian form with a pointnucleon rms radius of 2.32 fm. An overall uncertainty, not included in the tabulated values, of ±15% was assigned to σ sp , comprising ±10% associated with uncertainties in the size of the unbound core (corresponding changes of the core radius of ±5%) and ±10% arising from uncertainties in the reaction theory [47, 48] . Figure 2 shows the 19 C * p distributions in the laboratory frame, after account was taken for the underlying continuum background, for the well defined levels at E x = 0.62 and 2.89 MeV together with the peak at E rel = 0.84 MeV. More specifically, for each momentum bin, the 5 Only small variations were found between the results obtained using the WBP, WBT, and YSOX interactions. E rel spectrum was fit assuming the three peaks and the continuum background distribution. The error bars shown are statistical and the choice of the exact form for the continuum distribution did not change perceptibly the form of the extracted momentum distributions. The experimental distributions are compared in each case in Fig. 2 with the theoretical lineshapes, convoluted with the experimental resolution (σ ≈ 28 MeV/c in the beam rest frame), for re-moval of neutrons with orbital angular momentum ℓ = 0, 1, and 2. In the case of the E x = 0.62-MeV state, the data are very well described when the removed neutron is of d-wave character. The experimental distribution for the 2.89-MeV level is in very good agreement with removal of a p-wave neutron.
For the peak at E rel = 0.84 MeV, the p distribution is well reproduced assuming p-wave neutron removal (χ 2 /n=0.3, 3.0 and 5.7 for ℓ=1, 0, and 2 respectively). Interestingly, the apparent excitation energy assuming no feeding of the 18 C(2 + 1 ) state is 1.42(10) MeV, very close to that of the 5/2 + level observed (E x = 1.46(10) MeV) in the (p, p ′ ) investigation [21] , which, based on the WBP interaction spectroscopic factor and eikonal model, would be expected to be weakly populated (∼ 3 mb). The incompatibility of the momentum distribution with d-wave neutron removal is consistent, however, with the suggestion derived from the γ-ray coincidences (see above) that this peak arises from population of a higher-lying level in 19 C which has a decay branch that proceeds via the 18 C(2 + 1 ) excited state, rather than through neutron emission directly to the ground state. It may also be noted that the neutron-decay width observed here (Γ < 0.02 MeV) is significantly smaller than in the inelastic scattering study [21] . Table 1 summarizes the results where the uncertainties quoted for E x are dominated by the uncertainty in S n ( 19 C). Those assigned to the cross sections (σ exp −1n ) arise from the uncertainty in the exact form for the continuum background distribution (5%, 11%, and 17% for the E rel = 0.036, 0.84, and 2.31-MeV resonances, respectively), the statistical uncertainty (2.5%, 8.3%, and 4.5%), the neutron detection efficiency (5% for all resonances), and geometrical acceptance (2%).
The energy of the state at E x = 0.62 MeV is consistent with that reported by the multi-nucleon removal study of Ref. [24] . The clear ℓ = 2 character of the momentum distribution and the large spectroscopic factor allow the state to be assigned as the 5/2 + 1 with good confidencethe spectroscopic strength to 3/2 + levels is, unsurprisingly, expected to be very low (C 2 S 0.25). The strong population of this level reflects the significant 0d 2 5/2 valence neutron configuration in 20 C whereby the occupancy of the 0d 5/2 neutron orbital is predicted to be around 4.3 6 . It may also be noted that the unbound character of the 5/2 + 1 level is in line with the earlier suggestions of Refs. [22] [23] [24] 26] .
The clear ℓ = 1 character of the momentum distribution associated with the 2.89-MeV level indicates a spinparity of 1/2 − or 3/2 − . The moderate spectroscopic strength favours the 1/2 − assignment, which is reinforced by the location of the corresponding levels in 15,17 C [49-51] . As may be seen in Fig. 3 , in both cases the 1/2 − 1 state lies 6 That of the 0d 3/2 neutron orbital is predicted to be close to 0.5 and 1.3 for the 1s 1/2 orbit. In the case of the E rel = 0.84-MeV peak, the ℓ = 1 character of the associated momentum distribution and the energy difference of 1.47(5) MeV with respect to the relatively broad (Γ = 0.20(7) MeV) 1/2 − level suggest that it could, in principle, arise from decay of the latter to the 18 C(2 + 1 ) state. Shell-model calculations indicate, however, that the branching ratio for such a decay is negligible and that the decay of the 1/2 − level proceeds essentially exclusively to the 18 C ground state 7 . The shell-model predictions (Fig. 4) Note that if such a scenario were the origin of the E rel = 0.84-MeV peak, the increase in yield to the Ex = 2.89-MeV level would be similar to the experimental uncertainty (Table 1 ) and, in terms of the spectroscopic factor, much smaller than the uncertainty ascribed to the reaction modeling. [19] [20] [21] 24] ) as compared to shell-model predictions (Ex < 5 MeV) for states with J π ≤ 5/2 + and 3/2 − using the WBP, WBT [38] , YSOX [12] , and CCEI [10] interactions. The latter are confined to 1s0d-shell states only. ) state could be difficult to identify owing to the detection efficiency. In addition, the direct neutron decay branch to the 18 C ground state would be very difficult to observe owing to the low detection efficency and poor resolution at high E rel . Such a scenario is, however, complicated by the two-neutron decay to 17 C being also energetically possible by 0.66 MeV.
It is clear that a more detailed investigation with a higher statistics data set is desirable. While it is not possible to provide a definitive conclusion, it is probable that the E rel = 0.84-MeV peak arises from the neutron decay of the 3/2 19 C (present work and Refs. [19] [20] [21] 24] ) with a range of different shell-model predictions. All of the calculations were, except those labeled CCEI, performed using the NuShellX@MSU code. Results are shown for the WBP, WBT [38] , and YSOX [12] interactions in the p-sd model space. The results of calculations performed within the sd shell-model space utilizing the ab initio CoupledCluster Effective Interaction (CCEI) are also shown [10] . In the case of the YSOX interaction, the p-sd cross-shell components of the effective interaction were constructed based on V MU [11] , which was developed from data obtained closer to stability. The CCEI interaction includes explicitly the effects of three-body forces derived from chiral effective-field theory.
While all of the models predict the occurrence of three very low-lying positive parity states (1/2 + , 3/2 + , and 5/2 + ) none is able to reproduce the ordering. Interestingly, although the CCEI shell-model calculations predict the ordering of the 3/2 + and 5/2 + levels, the 1/2 + state is found to lie above both of them. However, as noted by Jansen et al. [10] , the very weakly bound s-wave character of the 1/2 + state means that the effects of the coupling to the continuum need to be properly included. Indeed, initial estimates suggest that after doing so the 1/2 + level is expected to be lowered, relative to the 3/2 + and 5/2 + states, by around 1 MeV. It is worthwhile noting that the spacing between the 1/2 + 1 and 5/2 + 1 states reflects the behaviour of the corresponding neutron single-particle orbits, which are, as noted earlier, expected to be almost degenerate in the very neutron-rich carbon isotopes [19] .
The newly observed 1/2 − state at 2.89 MeV is best accounted for by the calculations employing the YSOX interaction. This may be attributable to the cross-shell parts of the interaction incorporating V MU . Such an ability to describe neutron cross-shell states in neutron-rich nuclei has also been noted in terms of the role of microscopic three-body forces, for the V MU -based shell-model interaction SDPF-MU [53] , which was constructed in the sd-pf model space and used to investigate the spectroscopy of 35, 37, 39 Si [54] .
Recently, Hoffman et al. [55] have discussed the behavior of neutron s-wave states in the context of finite binding effects which become significant for shallow binding. The present study provides a measure of the relative 1/2 + -5/2 + separation in 19 C of −0.62(9) MeV which is close to that expected on the basis of the systematics (See Fig. 4 (a) of Ref. [55] ). This behavior may also be seen in the manner in which the energy of the 1/2 + level drops relative to that of the 5/2 + level in the carbon isotopes as compared to the corresponding oxygen isotones. Specifically, the 1/2 + -5/2 + separation is reduced, by an almost constant amount, for the N = 9, 11, and 13 isotones: 1.611(2) [49, 56] , 1.585(3) [51, 57] , and 1.84(9) [58] MeV, respectively. It is worthwhile noting that the lowering of the neutron s 1/2 state relative to d 5/2 state as the dripline is approached is expected for a simple potential [59] , and is further enhanced by the effects of weak binding [60] as argued for by Ref. [55] .
Finally it is interesting to observe that the 5/2 19 C, the YSOX interaction, developed from the monopole-based universal interaction, provided the best description, including, most notably, the energy of the newly observed 1/2 − cross-shell state. In this context, determining the location of the corresponding 3/2 − level, which would appear to lie higher in excitation energy, would be of considerable interest.
